Rheumatoid arthritis (RA) and ankylosing spondylitis (AS) are chronic inflammatory diseases that together affect 2-3% of the population. RA and AS predominantly involve joints, but heart disease is also a common feature in RA and AS patients. Here we have studied a new spontaneous mutation that causes severe polyarthritis in bone phenotype spontaneous mutation 1 (BPSM1) mice. In addition to joint destruction, mutant mice also develop aortic root aneurism and aortomitral valve disease that can be fatal depending on the genetic background. The cause of the disease is the spontaneous insertion of a retrotransposon into the 3′ untranslated region (3′UTR) of the tumor necrosis factor (TNF), which triggers its strong overexpression in myeloid cells. We found that several members of a family of RNA-binding, CCCH-containing zinc-finger proteins control TNF expression through its 3′UTR, and we identified a previously unidentified regulatory element in the UTR. The disease in BPSM1 mice is independent of the adaptive immune system and does not appear to involve inflammatory cytokines other than TNF. To our knowledge, this is the first animal model showing both polyarthritis and heart disease as a direct result of TNF deregulation. These results emphasize the therapeutic potential of anti-TNF drugs for the treatment of heart valve disease and identify potential therapeutic targets to control TNF expression and inflammation.
rheumatoid arthritis | heart valve disease | mRNA stability | CCCH ZFP | gene regulation R heumatoid arthritis (RA) and ankylosing spondylitis (AS) are related and overlapping chronic inflammatory diseases that affect joints and severely impair mobility of the patients (1, 2) . RA patients generally present with a symmetric polyarthritis of the peripheral joints. RA affects more women than men, typically leads to bone and cartilage erosion, and is often associated with the presence of rheumatoid factor in the serum. By contrast, AS is a disease of the sacroiliac joint and the spine with variable involvement of peripheral joints. AS is more prevalent in men than women, generally rheumatoid factor-negative, and characterized by new cartilage and bone formation that leads to ankylosis of the spine. The causes of RA and AS are ill-defined, but genetic influences have a major role in both diseases. It is generally accepted that RA and AS are auto-inflammatory diseases that involve many inflammatory cytokines. Interestingly, although disease-modifying antirheumatic drugs have been useful in the treatment of RA, they have shown limited effect in AS. However, anti-TNF therapies have shown a high efficacy in both diseases. Both RA and AS are systemic diseases that can also affect several other organs. Extra-articular manifestations of RA include vasculitis, lung inflammation, formation of s.c. nodules, and heart disease (3), whereas psoriasis, inflammatory bowel disease (IBD), and heart valve disease are commonly associated with AS (4-6). We describe here a new mouse model with characteristics of both RA and AS.
Results

A New Model of Spontaneous Polyarthritis.
A dominant mutation that leads to deformed limbs and progressive paralysis of the hind legs coupled to an abnormal curvature of the spine at the level of the rib cage occurred spontaneously in our mouse colony. Ankle deformation was the most obvious early sign of the disease and occurred without acute swelling or redness (Fig. 1A) . As the disease progressed, affected animals gradually lost their grasping strength and their forelimbs became angled at wrist level whereas the hind-limb digits became immobile. Around 7 mo, a pronounced hunchback was associated with the progressive paralysis of the hind limbs. Histological examination revealed a severe symmetrical, erosive chronic polyarthritis, reminiscent of human RA and AS. It primarily affected the peripheral joints (ankles, metatarsal, and interphalangeal joints) (Movie S1A and Movie S1B) with less severe damage in central joints (knees and shoulders). The diseased joints showed extensive pannus invasion, bone destruction, and cartilage erosion (Fig. 1C) . Pannus tissue was dominated by F4/80 + cells (Fig. 1D) , and most affected joints were devoid of lymphocytes and neutrophils. No sex bias was observed, and bone phenotype spontaneous mutation 1 (BPSM1) mice did not contain IgM or IgG rheumatoid factors (data not shown). The hunchback was due to the severe erosion of the thoracic vertebrae T10-T13 (Fig. 1B) , the rearmost anchor points of the trapezius muscles. Tomography of the spine of an 180-d-old affected mouse showed the 13th (floating) ribs entering the neural canal instead of being attached to the centrum (Movie S1C and Movie S1D); this is probably the cause of hind-limb paralysis. Bone erosion appeared maximal in joints with the highest load factor, suggesting that mechanical stress may be an important determinant of the severity of the disease. No signs of inflammation were found in the skin, liver, blood
Significance
Tumor necrosis factor (TNF) is a cytokine involved in a large array of inflammatory diseases such as arthritis and psoriasis. We have found that the insertion of a retrotransposon in the 3′ untranslated region of Tnf impairs its normal regulation and causes polyarthritis and heart valve disease. We have identified several CCCH-containing zinc-finger proteins as new regulators of Tnf expression, as well as a new regulatory element within the TNF 3′UTR. Although anti-TNF therapies are successful in controlling some inflammatory diseases, their cost and the development of resistance in some patients show that other treatment options are required. Our findings provide an important foundation toward understanding how Tnf expression is regulated and identify potential targets for therapeutic intervention. vessels, eyes, or gut of these mice, and no evidence for cartilage or bone repair was found.
Development of the disease was dramatically accelerated in BPSM1 homozygote animals, in which ankles were luxated and wrists were clubbed already at 3 wk of age. Temporomandibular joints were also severely affected in these mice (Fig. 1E) , which became paralyzed around 6 wk of age.
Loss of B or T cells [through crosses with Mb1-cre (7) or CD3e KO mice (8) , respectively] did not change the kinetics or the severity of the disease (Fig. S1 ). This finding is reminiscent of murine models of arthritis caused by human TNF overexpression or DNaseII deficiency (9, 10) . Loss of Myd-88 (11) also had no impact, excluding an important role for IL1R and Toll-like receptors TLR2 and TLR4 in the BPSM1 disease (Fig. S1 ). Granulocyte/macrophage colony-stimulating factor (GM-CSF) antibodies are presently evaluated in phase 2 clinical trials for the treatment of RA (12) . However, loss of GM-CSF (13) did not significantly alter the kinetics or severity of disease in BPSM1 mice (Fig. S1 ).
Arthritis in BPSM1 Mice Is Due to a New Mutation in the TNF Gene.
TNF is a central cytokine in RA and AS, and anti-TNF therapies have been successful in the control of these diseases, although about 30% of RA patients do not respond to such treatments (14) , and recently developed mouse models have demonstrated that RA can also develop without TNF (15) .
Intercrosses of BPSM1 with TNF-deficient mice (16) showed a strong genetic linkage between the BPSM1 and the TNF loci, indicating that the BPSM1 mutation must reside within the TNF locus or in its close proximity. Exome and whole-genome sequencing helped to identify the insertion of a small interspersed element (SINE) in the 3′UTR of TNF ( Fig. 2 A and B) in every affected BPSM1 mouse (n > 1,200). No other mutation was identified in the 10 Mbp either side of TNF. Insertion of the SINE provides a new polyadenylation signal that terminates TNF mRNA prematurely, effectively truncating 650 nt from WT TNF 3′UTR (Fig. 2C) . Importantly, the ORF is not modified. The 3′UTR of TNF contains several conserved AU-rich elements (ARE) that are partly responsible for the rapid turnover of its mRNA (17) . Insertion of the SINE thus removes the normal negative regulation imposed by the 3′UTR. Accordingly, although TNF mRNA was barely detectable in unstimulated bone marrowderived macrophages (BMDM) from wild-type ( +/+ ) mice, an abnormally short TNF mRNA was highly expressed in unstimulated BMDM from affected BPSM1 +/m mice (Fig. 2D) . Similarly, membrane TNF was undetectable in unstimulated wild-type BMDM and was readily detected in unstimulated heterozygous and homozygous BPSM1 BMDM (Fig. 2E) . Accordingly, high levels of circulating TNF were detected by ELISA in the serum of affected BPSM1 +/m and BPSM1 m/m mice (Fig. 2F ). Elevated TNF levels are often accompanied by high levels of other proinflammatory cytokines such as IL1β, IL6, IL18, or IL23 (18) , but none of these cytokines were particularly elevated in affected BPSM1 +/m sera (Fig. S2) . Loss of TNFR1 completely prevented the development of RA in both BPSM1 +/m and BPSM1 m/m mice (Fig. 2G) , even though high levels of TNF were still present in the sera of TNFR1
+/m and TNFR1 2F ). This shows that TNFR1 but not TNFR2 is critical for the development of arthritis in BPSM1 mice.
Bone marrow transplantation experiments (results summarized in Table 1 and Fig. S3 ) showed that lethally irradiated WT mice transplanted with BPSM1 +/m bone marrow developed arthritis within 5 mo, showing that hematopoietic cells are the source of excess TNF. Conversely, 5-wk-old BPSM1 +/m mice transplanted with WT bone marrow did not develop the disease over the following 5 mo. Thus, the presence of the mutation in radiation-resistant synoviocytes is not sufficient for disease development. We then transplanted BPSM1 +/m bone marrow into lethally irradiated WT or TNFR1 −/− recipients and examined them after transplantation. Although severe disease developed within 5 mo in all WT recipients of BPSM1 +/m bone marrow, TNFR1-deficient recipients remained disease-free during that period. The presence of TNFR1 on synoviocytes is thus necessary for the development of the disease. Remarkably, all of the WT recipients of bone marrow from TNFR1
m/m healthy donors developed the disease within 2 mo. This suggests that the 
F4/80
+ cells that make the bulk of the pannus tissue are most likely macrophage-like type A synoviocytes and not macrophages originating from the bone marrow. Similar bone marrow transplantation experiments performed with TNF ΔARE mice also indicated that the primary and sufficient targets of TNF in this pathology are synovial cells (19) . Moreover, a similar synovium hyperplasia was described in mice transgenically expressing human IL1α (20) .
In summary, it appears that the polyarthritis observed in BPSM1 mice is due to the abnormal proliferation of synoviocytes in response to high levels of TNF secreted by myeloid cells in conjonction with a high mechanical stress.
Stability of TNF mRNA Is Affected by Multiple Zinc-Finger Proteins.
Deletion of six ARE from the 3′UTR of TNF leads to chronic inflammatory arthritis in knock-in mice (17) . Mice deficient in tristetraprolin (TTP1, also known as Zfp36), a CCCH-containing zinc-finger protein (ZFP), develop cachexia, arthritis, and autoimmunity, and these pathologies are all prevented by treatment with TNF antibodies (21) . Intriguingly, however, myeloidspecific deletion of Zfp36 failed to produce a similar phenotype (22) . Zfp36 plays a role in the regulation of steady-state TNF levels by controlling mRNA stability and translation (17) . Many CCCH-containing ZFP are expressed in macrophages and have been proposed to play a role in regulating their effector functions (23) . To investigate the potential interaction of all CCCH ZFP on TNF 3′UTR, we engineered GFP reporter constructs derived from the pGL3-promoter reporter (Promega) (Fig. 3A) . Substitution of the SV40 late poly(A) signal by TNF 3′UTR (either mouse or human WT sequence) drastically reduced GFP expression (Fig. 3B) . Coexpression of Zfp36 further decreased GFP levels in accordance with its previously reported negative regulation of TNF. The construct with the BPSM1-derived TNF 3′UTR expressed higher GFP levels than the vector with the WT TNF 3′UTR, confirming that the retrotransposon insertion in the BPSM1 mice disrupts the normal attenuation of TNF expression (Fig. 3B) .
We next used these reporters to investigate the regulatory potential of 50 different CCCH-containing ZFP on the expression of GFP in 293T cells (Fig. S4) . Three additional ZFP (Mkrn1, Zc3h12a, Zc3h12c) were found to repress the expression of GFPmTNF3′UTR or GFP-hTNF3′UTR, whereas Rc3h1 (Roquin), Zc3h10, and Unkempt consistently increased the expression of GFP from these reporters (Fig. 3B and Fig. S4 ).
To further explore the nature of this regulation of TNF expression by ZFP, we engineered six deletions in the TNF 3′UTR of the reporter (Fig. 3C) . As expected, Zfp36 lost its ability to down-regulate the expression of the reporter upon deletion of the ARE (Del 4) and was not affected by any of the other deletions (Fig. 3D) . By contrast, Zc3h12a and Zc3h12c retained their effect upon deletion of the ARE, but lost it upon deletion of 76 nt located at the 3′ end of the 3′UTR, upstream of the polyadenylation signal (Del 6). The impact of Mkrn1 was affected by the loss of region 4 or region 6. Deletion of both regions 4 and 6 from the reporter with mTNF 3′UTR (Del4 Del6) led to maximal GFP expression in 293T cells, suggesting a synergistic effect of these two elements on the silencing of TNF expression (Fig. 3E) . These data reveal that multiple ZFP can affect the steady-state expression of the TNF gene through its 3′UTR and that this regulation involves a previously unidentified region of the 3′UTR that we call the New Regulatory Element (NRE). Thus, potential genetic causes of TNF deregulation extend far beyond the −308A promoter single-nucleotide variant commonly examined in genome-wide association study studies, and searches for a disease-causing mutation in the TNF gene should include its 3′UTR, as well as variations in all of the genes (e.g., ZFP) that regulate TNF expression. 
BPSM1 Mice Develop Aortic Root Aneurism and Aortic and Mitral
Valve Inflammation and Fibrosis. Cardiovascular diseases are commonly associated with inflammatory conditions, particularly RA and AS (6, 24) . BPSM1 mice were backcrossed onto the BALB/c genetic background for the purpose of chromosomal mapping. After six rounds of backcrossing, many of the mutant mice died suddenly between 90 and 160 d of age, a phenomenon that was never observed on the C57BL/6 background (Fig. 4A) . Aortic root aneurisms were found in all BALB/c mice with the BPSM1 mutation, as well as dramatic inflammation, thickening, and fibrosis involving the aortic and mitral valves (Fig. 4B) . Aortic root diameter in BPSM1 mice on the BALB/c background could reach 4 mm (1-1.5 mm in WT BALB/c or WT C57BL/6 mice; Fig. 4 B and C) . A similar valve inflammation was found in the BPSM1 mice (both heterozygotes and homozygotes) of the C57BL/6 background, but the aortic aneurism was much less pronounced ( Fig. 4 D and E) , and none of these animals died of aortic dissection up to 200 d of age (Fig. 4A) . We found no sign of inflammation in any other part of the aorta or elsewhere in the heart. The tricuspid and pulmonary valves were unaffected, further suggesting that mechanical stress is an important factor in the development of the disease because pressure is much greater in the left ventricle than in the right ventricle. We did not find any cardiac abnormality in a collagen-induced model of RA. The heart disease of BPSM1 mice (even homozygotes) was entirely prevented by loss of TNFR1 (Fig. 4G) . Echocardiography revealed that valve disease in BPSM1 mice manifests mainly as regurgitation, indicated by the presence of a backward aortic blood flow (Fig. 4H and Fig. S5) . A similar inflammation of the heart valves was found in TNF ΔARE mice, although this had not been reported before (Fig. S6 ).
Discussion
We describe here the consequences of the insertion of a SINE in the 3′UTR of TNF. More than 200 copies of this particular retrotransposon or highly related sequences (>95% identity) are found throughout the mouse genome, either as stand-alone entities (i.e., Tmem176a) or integrated in other genes such as Als2, Chpt1, or Mfsd11. Although previously thought of as "junk DNA," SINEs are now considered major drivers of evolution as their integration into genes can lead to new functionalities for those genes. In the BPSM1 mice, the insertion of the SINE causes a strong overexpression of TNF due to the replacement of the regulatory sequence contained in TNF 3′UTR by the UTR and the polyadenylation signal contained in the SINE. Not surprisingly, BPSM1 mice show a phenotype similar to that of the previously described TNF ΔARE mice (17) , with a few interesting differences. BPSM1 mice in our mouse facility failed to develop gut inflammation, whereas it was observed in the original report about TNF ΔARE mice. As our studies definitively show that genetic background can have a major influence on the phenotype, the fact that BPSM1 mice are on a pure C57BL/6 background whereas TNF ΔARE mice were maintained on a mixed 129SvxC57BL/6 background could be an explanation. However, Kontoyiannis et al. also observed that arthritis in TNF ΔARE mice develops even in the absence of significant gut pathology, i.e., in the RAG −/− background (17) . Because RAG −/− mice are kept under specific pathogen-free conditions, it is also possible that the absence of IBD in this case may have been due to a difference of microbiota, which plays a critical role in the aetio-pathology of IBD (25) . We have placed BPSM1 mice in a different, "dirtier," mouse facility to test this hypothesis, but have so far failed at inducing IBD in these mice. We have found that TNF overexpression causes a dramatic inflammation of the aortic and mitral valves, accompanied by a fatal aortic aneurism when mice are kept on the BALB/c genetic background. Even though it was not reported before, we found that TNF ΔARE mice also present with inflammation of the same heart valves. This phenotype of TNF ΔARE mice was previously overlooked probably because it is not fatal on the mixed 129SvxC57BL/6 background. Although such an endeavor is beyond the scope of the present study, it would be of great interest to identify the modifier locus that causes the aortic root aneurism in BPSM1 +/m mice on the BALB/c background, as this could provide a further clue about the mechanism that causes this condition.
TNF 3′UTR is known to contain two distinct elements bound by at least two different CCCH-containing ZFP. Zfp36 binds the ARE in region 4, whereas Roquin binds the constitutive decay element (CDE) in region 5 (26) . Many other CCCH-containing ZFP are expressed in myeloid cells and participate in their activation (23) . Our reporter assay led to the identification of new regulators of TNF and, more importantly, of an NRE located in region 6 at the 3′ end of TNF 3′UTR, just before the polyadenylation site. We showed that the NRE acts in synergy with the ARE. Insertion of the SINE shortly after the ORF effectively truncates most of the 3′UTR from the gene and thereby eliminates the control by ARE, CDE, and NRE in our BPSM1 mice. It might be argued that loss of the ARE is responsible for most of the phenotype because BPSM1 mice are very similar to TNF ΔARE mice. However, a closer examination of the cloning strategy used to generate TNF ΔARE mice shows that the NRE is also destroyed in these mice. Indeed, the loxP-neo-loxP cassette used for selection of embryonic stem cells was inserted within the BstEII restriction site located within the NRE (17) . Although this probably explains why BPSM1 mice are so similar to the TNF ΔARE mice, it also casts a doubt about the conclusions on the importance of Zfp36 and the ARE in TNF regulation and leaves open the possibility that other factors such as Zc3h12a, Zc3h12c, Mkrn1, Unk, and Zc3h10 might have a similar importance in it. It might also explain why myeloid-specific Zfp36 deficiency did not phenocopy the complete Zfp36 deficiency and in particular did not cause arthritis (22) . The identification of Zc3h10 and Unk as positive regulators of TNF expression is particularly interesting as it offers two new potential therapeutic targets to control TNF expression.
RA is a complex disease that does not always involve TNF (15) , and it will be of particular interest to elucidate whether mice with disruptions of Nlrp3 inflammasome/IL-1 signaling also develop heart disease. Recent research revealed striking similarities in the mechanisms that control heart valve cell differentiation and those involved in cartilage, tendon, and bone development (27) . It is therefore logical that a phenomenon that causes histopathology and dysfunction of one system would also affect the other; this provides insight into the reason why heart disease is more common in arthritis patients.
Collectively, our results show that 30 y after TNF was first cloned, we are still discovering key pathways governing its regulation. Once fully elucidated, we shall be able to screen for alterations in these regulatory mechanisms and hence aid in the identification of patients most likely to respond to anti-TNF therapies. We anticipate that our BPSM1 mice will be very valuable for the preclinical evaluation of therapies relevant to heart valve disease and rheumatoid arthritis. 
